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at Urbana-Champaign, Urbana, IllinoisABSTRACT Wemeasure the stability and folding relaxation rate of phosphoglycerate kinase (PGK) Fo¨rster resonance energy
transfer (FRET) constructs localized in the nucleus or in the endoplasmic reticulum (ER) of eukaryotic cells. PGK has a more
compact native state in the cellular compartments than in aqueous solution. Its native FRET signature is similar to that previously
observed in a carbohydrate-crowding matrix, consistent with crowding being responsible for the compact native state of PGK
in the cell. PGK folds through multiple states in vitro, but its folding kinetics is more two-state-like in the ER, so the folding
mechanism can be modified by intracellular compartments. The nucleus increases PGK stability and folding rate over the
cytoplasm and ER, even though the density of crowders in the nucleus is no greater than in the ER or cytoplasm. Nuclear
folding kinetics (and to a lesser extent, thermodynamics) vary less from cell to cell than in the cytoplasm or ER, indicating
a more homogeneous crowding and chemical environment in the nucleus.INTRODUCTIONIn vitro experiments have revealed that protein folding is
often a very fast reaction (microseconds to hours), and
that many proteins are marginally stable (tens of kJ/mole)
(1). Low stability imparts folded proteins with structural
flexibility on the functionally important ns-to-ms timescale
(2,3). Clear experimental examples exist of such a trade-off
between folding and function (4).
Speedy folding and marginal stability result from a rela-
tively smooth energy landscape (5). An important conse-
quence of smoothness is that protein energy landscapes are
susceptible to modulation by environmental factors. This
property has been exploited invitro by tuning protein stability
with denaturants, temperature, and many other methods.
Crowding and chemicalmakeup (6,7) of the cell could like-
wise modulate protein stability and folding rates. Folding in
the natural environment of the cell is interesting for several
reasons. The folding reaction could be used as a nanometer-
scale local probe of the cellular environment. Even more
exciting is the prospect that cells could modulate their
proteins’ energy landscapes to control function (8), the degree
of folding or misfolding (9), and protein structure (10,11).
Experiments have begun to probe biomolecular stability
and folding kinetics inside living cells (8,12–14). Some
experiments have focused on initial ribosomal folding (15).
Others have studied posttranslational unfolding or refolding
in the cell (9,12,13,16), which is also important: marginal
stability means that many proteins spontaneously unfold in
the cell (with notable exceptions (17) usually on a timescale
less than hours, depending on the folding rate coefficient
and equilibrium constant for folding). The chaperone
machinery in the cell cannot assist all of these events (18).Submitted April 20, 2011, and accepted for publication May 24, 2011.
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0006-3495/11/07/0421/10 $2.00We recently showed that unfolding and refolding of
a phosphoglycerate kinase Fo¨rster resonance energy transfer
(FRET) construct (FRET-PGK*) is a highly reversible
process in the cytoplasm of bone tissue cells (12,19). The
cellular cytoplasm is a complex environment, but very
conducive to protein folding. We also showed that PGK is
slightly stabilized by the cytoplasm compared to in vitro,
that its folding in the cytoplasm is spatially patterned, and
that it folds more slowly in the cytoplasm, mostly due to
a small (2) increase in local viscosity (8,12,16).
Here we use two variants of FRET-PGK* as a probe of
different intracellular folding environments. We compare
our previous results in the cytoplasm with protein stability
and folding kinetics in the nucleoplasm and endoplasmic
reticulum (ER). Peptide localization tags introduce our
PGK construct in the nucleus andER, andwe report averaged
results for these organelles as well as cell-to-cell variations.
How is the protein folding landscape modulated by nuclear
crowding (20,21), or by the membrane-rich, but otherwise
more cytoplasm-like, ER? Our three main results are:
1. The native state of PGK at room temperature is more
compact in cellular compartments than in aqueous solu-
tion, similar to observations made recently for Ficoll-
crowded PGK (22).
2. The nucleus stabilizes PGK, speeds up its folding, and
provides a more homogeneous folding environment
from cell-to-cell relative to the ER and cytoplasm.
3. Cellular compartments can significantly affect the
folding mechanism of PGK compared to in vitro: PGK
is not a two-state folder in vitro (stretched exponential
or multiexponential functions are required to fit its
folding kinetics (23–25)), but in the ER, the measured
folding kinetics approaches single-exponential folding.doi: 10.1016/j.bpj.2011.05.071
422 Dhar et al.METHODS
Protein design, expression, and purification
Our constructs are based on the destabilized but enzymatically active
Y122W/W308F/W333F mutant (PGK*) of yeast PGK (12,22), so that its
folding/unfolding can be studied without thermally denaturing other
proteins in the cell. AcGFP1 (green fluorescent donor) and mCherry (red
fluorescent acceptor) labels report on the compactness of PGK* via
FRET. DNA constructs for the nuclear- and endoplasmic reticulum-(ER-)
localizing versions of AcGFP1-PGK*-mCherry (FRET-PGK*) were cloned
into the pDream 2.1/MCS vector, which enabled expression in both
mammalian and Escherichia coli cells. For targeting PGK to the nucleus,
three repeats of the SV40 nuclear localization sequence (26) were fused
to the C-terminus of the FRET-PGK* sequence. The DNA sequence of
the SV40 NLS was
GAT CCA AAA AAG AAG AGA AAG GTA:
For ER-localization, we used the calreticulin targeting sequence fused to
the N-terminus of the FLAG tag preceding AcGFP1, and the KDEL
sequence for retention in the ER fused to the C-terminus of mCherry
(27,28). The calreticulin targeting sequence was
ATG CTG CTA TCC GTG CCG CTG CTG CTC
GGC CTC CTC GGC CTG GCC GTC GCC:
The KDEL retrieval sequence was
AAG GAC GAG CTG:
For subsequent in vitro studies, plasmids containing these constructs
were transformed into E. coli BL21-CodonPlus (DE3)-RIPL cells and
grown in LB media to an optical density of 1.0, at which point IPTG (final
concentration 1 mM) was added to induce protein expression. After induc-
tion, cells were grown for 24 h at 30C. Cells were collected by centrifuga-
tion and lysed using a sonicator. The cell lysate was bound to a Ni-NTA
column and purified according to the manufacturer’s instructions. For
in vitro fluorescence experiments, we used a 5 mM aqueous solution of
the protein, sealed inside a 100-mm deep imaging chamber. This provided
a protein column density similar to in-cell expression. Circular dichroism
(CD) experiments also were carried out in aqueous solution, at 1 mM
concentration of protein. Our abbreviated protein nomenclature for this
article is summarized in Table 1.
Our current constructs contain two built-in crowders (the fluorescent
labels). Therefore, we compare only fluorescent-labeled constructs
in vitro, in Ficoll, and in cells unless otherwise stated. It will be of interest
in the future to use alternative labels (e.g., dyes) that may be more hydro-
phobic but smaller, and alternative delivery methods (direct dye-labeled
protein transfection instead of plasmid transfection) to see whether protein
labeling or delivery have any effect on stability and kinetics.TABLE 1 PGK nomenclature
PGK General reference to several phosphoglycerate
kinase variants.
PGK* Y122W/W308F/W333F mutant of yeast PGK
1-415.
FRET-PGK* PGK* labeled with AcGFP1 (N-terminus) and
mCherry (C-terminus).
FRET-PGK*-NLS FRET-PGK* with nuclear localization tag at
C-terminus.
FRET-PGK*-ER FRET-PGK*with calreticulin targeting sequence
(N-terminus of fusion protein) and KDEL
retrieval sequence (C-terminus of fusion
protein).
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For in-cell experiments, U2OS bone tissue cancer cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum and penicillin-streptomycin to >70% confluency. Cells were
transiently transfected using Lipofectamine with 2.5 mg of plasmid DNA
for the PGK nucleus localization experiments and with 5 mg plasmid
DNA for the ER experiments. Five to six hours after transfection, the
cell population was split and grown on coverslips. Cells were imaged
1–3 days posttransfection. Immediately before the imaging experiments,
cells were transferred into the same imaging chamber also used for
in vitro studies, filled with Leibovitz L-15 media supplemented with 30%
fetal bovine serum. We formed imaging chambers by putting together
a coverslip with the cells onto a 1’’  3’’ microscope slide, separated
with a 100-mm adhesive spacer. Cells remained alive, as evidenced by
cell morphology (29).FReI experiments
Fast relaxation imaging (FReI) was used to monitor kinetics and thermody-
namics (Fig. 1). A small temperature jump perturbs the PGK folding
equilibrium, which is monitored before and after the T-jump by FRET.
Construction and operation of the FReI microscope are described in detail
elsewhere (12,19). Briefly, a blue LED illuminated cells expressing the
PGK fusion construct, exciting the AcGFP1 donor. The resulting two-color
fluorescence (from AcGFP1¼donor¼D and mCherry¼acceptor¼A) was
split into D and A images by dichroic mirrors, and imaged simultaneously
onto a charge-coupled device (CCD) camera operating at 60 frames/s. All
imaging was done with a 40, 0.65 numerical aperture objective that
required no oil immersion or other contact with the sample.
In a typical FReI experiment, equilibrium data at a fixed temperature
were collected for 3 s, at which point a tailored pulse from an infrared
laser (l ¼ 2200 nm) T-jumped the cell under observation up by 4C in
200 ms. Subsequent PGK unfolding dynamics were monitored for 15 s.
The laser was then turned off, allowing the temperature to return to
the pre-jump value while we monitored refolding for another 15 s. TheFIGURE 1 Schematic diagram of the FReI setup. Living cells expressing
fluorescent-labeled PGK are placed on coverslips on the microscope stage.
Cells are illuminated using a blue LED (l ¼ 470 nm) and the resulting
two-color fluorescence is split using dichroic mirrors and imaged simulta-
neously onto a CCD camera. Folding/unfolding dynamics are initiated by
a shaped heating pulse from an infrared diode laser (l ¼ 2200 nm).
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recovery of the folded FRET signal at a z20:1 signal/noise ratio. This
agrees with the observation in Fig. 2c of Ebbinghaus et al. (12). A full
temperature series for thermodynamic analysis took ~60 min. To test
reversibility over this longer period, the temperature was returned to the
starting temperature for the whole kinetics/thermodynamics sequence
(e.g., see 22C in Fig. 4), and FRET was remeasured. An average of
five such measurements with final temperatures in the 40–45C range
yielded a D/A ratio of 91% of the original value, with a range from
86% to 97%. This level of reversibility is acceptable when compared to
in vitro folding studies, although not as good as during the shorter kinetics
measurement.
Images were analyzed using custom-written software in LabVIEW
(National Instruments, Austin, TX) and MATLAB (The MathWorks,
Natick, MA). The green and red channels above a minimal intensity
threshold were integrated over the cell, yielding average D and A intensity
values in the nucleus or ER, depending on the protein used for transfection.
For the in vivo experiments, we collected data on five cells expressing
FRET-PGK*-NLS and five cells expressing FRET-PGK*-ER.Data analysis
The thermodynamic and kinetic data analysis has been described only
briefly before, sowe discuss it in more detail here. It is similar to the conven-
tional thermal titration and T-jump kinetics analysis, but for a spatially
resolved FRET signal instead of intrinsic tryptophan fluorescence.
Here we focus on the analysis of average signals from entire organelles;
pixel-to-pixel dynamics would require additional consideration of protein
diffusion.
The FRET reaction coordinate is R, the donor-acceptor distance. The
protein population r(R) shifts toward larger R (less folded states) upon
heating, and toward smaller R (the folded state) upon cooling, for N- and
C-terminal labeling (Fig. 2 A). The FRET efficiency E is given by
E½r ¼
ZN
0
dR
1
1þ

R
R0
6 rðRÞ; (1)
where R0 is the Fo¨rster distance. The value E depends on time t in a kinetics
experiment because r evolves in time, and E depends on temperature in
a thermodynamic titration experiment because r shifts with temperature.
The other key property is that E[r] is a linear functional of the population
r. The resulting donor and acceptor fluorescence intensities, measured
separately on the CCD camera, areFIGURE 2 (A) Schematic energy landscape showing how protein populations
of AcGFP1 and mCherry as a function of temperature, and linear fits (dotted lin
schemes, with and without linear baselines.D ¼ gDIexcD0ðTÞð1 EÞ;
A ¼ g IexcD0ðTÞA0ðTÞE; (2)A
where gD and gA are constants that depend on collection efficiency and
fluorescence filters. It is assumed that filters with negligible bleed-through
between D and A channels are used, as in our case. Iexc is the excitation
laser intensity.D0 and A0 are the temperature-dependent donor and acceptor
quantum yields. We measured both quantum yields, which are well fitted by
straight lines from 22 to 50C (Fig. 2 B).
We find that two types of signals constructed from D and A are particu-
larly useful for thermodynamic and kinetic analysis, and yield consistent
results for thermodynamic and kinetic fitting parameters:
gAA0ðTÞ
gD
D
A
¼ ð1 EÞ
E
; (3a)
1
gDIexcD0ðTÞ

D AðgA=gDÞA0ðTÞ

¼ 1 2E: (3b)
Each expression has its practical advantages and disadvantages. Equation
3a requires only one nontrivial scaling factor A0(T), the ratio gA/gD being
constant. However, Eq. 3a does not depend linearly on the population r.
Equation 3b requires two temperature-dependent scaling factors. Equation
3b, on the other hand, depends linearly on E and hence on the population
distribution function r.
For thermal denaturation experiments, we find that Eq. 3a is most suit-
able because it requires the least scaling by temperature-dependent
quantum yields that could distort the signal. Kinetics can be fitted by either
Eq. 3a or 3b. The kinetics measurement is made at constant temperature, so
Eq. 3b is reduced to the simple form
DðtÞ  aAðtÞ  EðtÞ þ const: (4)
We find Eq. 4 particularly useful for kinetics because the fit is linearly
proportional to protein population.
To fit experimental data, Eqs. 3 and 4 must be coupled with a biophysical
model that connects E with free energies or rate coefficients. Here we
discuss two simple examples: an n-state thermodynamic model, and
a stretched exponential kinetic model. Any other standard biophysical
model can be implemented equally easily.
Thermodynamic fitting will be illustrated using Eq. 3. For an n-state
folder, we can partition the reaction coordinate R at Rij
y (Fig. 2 A) and
rewrite the integral Eq. 1 asshift upon a temperature jump. (B) Measured quantum yield trends (circles)
es). (C) Thermal denaturation of PGK (circles) represented in two different
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y
12
0
dR
1
1þ

R
R0
6 rðRÞ þ
ZRy23
R
y
12
dR
1
1þ

R
R0
6 rðRÞ þ/
z
RRy12
0
dR
1
1þ

R
R0
6 r1ðR; TÞ f1ðTÞ
þ RR
y
23
Ry
12
dR
1
1þ

R
R0
6 r2ðR; TÞ f2ðTÞ þ/
zE1ðTÞf1ðTÞ þ E2ðTÞf2ðTÞ þ/:
(5)
The first line is exact. The second line makes the assumption of discrete
thermodynamic states (i.e., r(Rij
y)z 0), where each thermodynamic state
has a population ri normalized to unity, so that the fraction of protein in
state i is given by fi(T). The temperature dependence of fi(T) is the desired
output because it allows relative free energies of all states to be calculated.
PGK is not a two-state folder, but its thermal unfolding, when monitored
by a single probe such as FRET, is well represented by a single transition
in vivo (Fig. 2 C) and in vitro. In such cases, a van’ t Hoff model with
only two effective states in Eq. 5 yields a satisfactory fit (30):
f1 ¼ 1 f2: (6a)
ln

f1
f2

¼ ln KeqðTÞ ¼ DH
R
1
T
þ DS

R
: (6b)
It is worth noting that the van’ t Hoff model, from the point of view of
fitting, is equivalent to the first-order Taylor expansion of the two-state
model f2 ¼ 1/(1 þ eDG(T)/RT) with DG(T) ¼ CT(1)(T  Tm) þ
CT
(2)(T Tm)2þ. . In the latter equation,DG(T) is the folding free energy
expanded in a Taylor series in temperature, Tm is the melting midpoint
temperature, and CT
(n) are expansion parameters, such that to first-order
DH ¼ CT(1)Tm and DS ¼ CT(1). Inserting Eq. 6a into Eq. 5 and then
into Eq. 3a, one obtains
ð1 EÞ
E
¼ ð1 E1Þ þ ðE1  E2Þf2
E1  ðE1  E2Þf2 ¼
ð1 bÞ þ cf2
b cf2 : (7)
The Ei FRET efficiencies, and the b and c baselines (as they are commonly
called in thermodynamic fitting), are temperature-dependent. The tempera-
ture dependence can be intrinsic to the probe, or it can be caused by a ther-
modynamic state that moves by a small distance DR when the temperature
increases from T1 to T2, changing its FRET efficiency (Fig. 2 A). When we
plot the D/A ratio normalized to 1 at room temperature, there is an approx-
imately linear baseline (Fig. 2 C). When we plot DA0/A normalized to 1 at
room temperature, the baseline disappears (Fig. 2 C). This observation indi-
cates that the baseline comes mostly from the intrinsic temperature depen-
dence of the FRET probe. Equation 7 can be used to fit either DA0/A or D/A
(if A0 is not available), by making b and c either constants or straight lines.
The Tm obtained by these two methods in Fig. 2 C agree within50.5
C.
Kinetic fitting will be illustrated using Eq. 4. During kinetics measure-
ments, the temperature is constant. Inserting Eq. 5 into Eq. 4 thus yields
DðtÞ  aAðtÞ  E1 f1ðtÞ þ E2 f2ðtÞ þ/þ const:
 E1 þ ðE2  E1Þf2ðtÞ þ const:
 bf2ðtÞ  c:
(8)Biophysical Journal 101(2) 421–430Here b and c are constants because the temperature is constant after the
T-jump, and the last two lines hold when there are two effective states
(Eq. 6a). The factor a is not critical because of the linear dependence of
population onDaA. In practice, we find two values of a particularly useful.
Selecting a so that D(t) and A(t) have the same signal/noise ratio maximizes
the signal/noise ratio of the difference. Selecting a as the ratio of slopes in
Fig. 2 B eliminates the effect of small temperature fluctuations from the
signal (e.g., when the T-jump laser power settles in at t ¼ 0) because
D and A respond to temperature fluctuations according to the slopes in
Fig. 2 B.
As a kinetic model for f1 or f2, we use
f1ðtÞ ¼ 1 f2ðtÞ  eðt=tÞb þ const; (9)
the same stretched exponential model to which literature PGK data have
been fitted (24,31). We fitted the kinetics signal to this stretched exponential
function (to describe the folding/unfolding relaxation after the T-jump) plus
a small fast single exponential decay (to account for transient settling of
the temperature after the laser T-jump pulse). The functional form of the
equation used was
DðtÞ  aAðtÞ ¼ y0 þ Alasereðt=tlaserÞ þ Aeðt=tÞb : (10)
The kinetics were fit globally, with the same time constant for the instru-
ment response (tlaser ¼ 200 ms) and a used for all data sets. The dead-
time for the measurements is thus ~200 ms.RESULTS
All FRET-PGK* constructs have similar stability
in vitro
Table 1 summarizes the nomenclature of FRET-labeled PGK
with nuclear or ER localization tags. We measured the
thermal stability of FRET-labeled PGKs by FRET and
circular dichroism (CD). CD correlates with overall
secondary structure, whereas FRET correlates with overall
compactness. The FRET melting curve of FRET-PGK*-ER
is shown in Fig. 4 (solid trace). The other in vitro FRET
curves and the CD curve are shown in Fig. S1 and Fig. S2
in the Supporting Material.
The FRET results for the three mutants do not vary signif-
icantly from each other. The average in vitro melting point is
Tm ¼ 38.5C. FRET-PGK* yielded Tm z 37.9C, FRET-
PGK*-NLS yielded Tm of 38.8
C, and FRET-PGK*-ER
yielded Tm ¼ 38.7C. The nuclear and ER localization
tags do not have a large effect on protein stability.
Circular dichroism yields higher melting temperatures
than FRET in vitro. As discussed in Methods, PGK is not
a two-state folder, even though the FRET curves can be
fitted by Eq. 6 to obtain effective Tm values. CD measure-
ments yielded a melting temperature of 44.5C for FRET-
PGK* in aqueous solution, and 42.5C in 200 mg/ml Ficoll
crowding agent, both significantly higher than the average
FRET result of 38.5C (Fig. S2). Thus, tertiary structure
of PGK is thermally denatured more easily (38.5C) than
secondary structure (42.5–44.5C), which represents an
upper limit to the unfolding temperature.
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compartments than in vitro
Fig. 3 compares subcellular localization of the new mutants
to the previous data obtained in the cytoplasm. The protein
distribution is shown at 39C (near the protein melting
temperature Tm) in U2OS (human osteosarcoma) cells. In
Fig. 3 A, FRET-PGK* is distributed throughout the cyto-
plasm, as expected without any peptide tags to direct it to
a specific organelle. Fig. 3 B shows that FRET-PGK*-
NLS is localized to the nucleus. In Fig. 3 C, we see that
FRET-PGK*-ER is localized to the ER as a result of the cal-
reticulin targeting sequence and the KDEL retrieval
sequence. Localization to the ER is apparent as a patchiness
of the fluorescence when compared to Fig. 3 A, which shows
more uniform fluorescence throughout the cell.
In the cell, folded PGK is considerably more compact
than in aqueous solution. At room temperature (22C)
all three proteins are folded, and the donor-acceptor ratios
D/Awe observe are similar: D/A ¼ 6.15 0.7 in the nucleus
(Fig. S3), D/A ¼ 5.85 0.5 in the ER (Fig. S4), and D/A ¼
6.65 0.3 in the cytoplasm for comparison (8). These values
are very similar to the D/A ratioz6.5 measured for FRET-
PGK* in 300 mg/ml Ficoll solution in Dhar et al. (22). All of
these values are much smaller than the D/Az 11 measured
for FRET-PGK* in aqueous solution (Fig. S2 b and Dhar
et al. (22)). The unfolded state of PGK* also has a smaller
value in vivo than in aqueous solution (Fig. S2 b).FRET-PGK* is more stable in the nucleus than in
the ER or cytoplasm
We next investigated the stability of the PGK constructs in
the nucleus and ER, for comparison with results previously
reported for the cytoplasm (8). Thermal denaturation plots
were obtained by measuring steady-state donor fluorescence
D and acceptor fluorescence A at every temperature to
obtain a D/A value for every temperature. The curves were
fitted to Eq. 7. Fig. 4 shows representative thermodynamic
melting curves in the nucleus and ER, as well as in the cyto-
plasm and in vitro for reference. We show the full set of
melting curves for each cell in Fig. S3 and Fig. S4. The
parameters obtained from the thermodynamic measure-
ments are summarized in Table 2.Our data reveal the nucleus as the most stabilizing envi-
ronment for FRET-PGK*. In each organelle, FRET-PGK*
is stabilized relative to its in vitro counterpart when
measured by FRET. In the cytoplasm and ER, Tm increases
only by 2 to 2.5C relative to aqueous solution. In the
nucleus, the PGK construct is stabilized to Tm of 43.2
C,
nearly 4.5C over aqueous solution.
The van’ t Hoff enthalpies of FRET-PGK* and FRET-
PGK*-ER (Methods and Table 2) are close to the
600 kJ/mol expected from published correlations of total
folding enthalpies as a function of protein size (30). The
van’ t Hoff enthalpy of FRET-PGK*-NLS is much larger
than expected in vitro because of the unusually high cooper-
ativity observed in the nucleoplasm.Folding kinetics is faster in the nucleus
than in the ER or cytoplasm
We also measured the T-jump relaxation kinetics of the PGK
constructs in the nucleus and ER, and compared it with
kinetics measured in the cytoplasm (8). Relaxation kinetics
was measured following a rapid temperature jump near Tm
(39C–43C). The difference signal between green and
red channels was analyzed according to Eqs. 8 and 9,
yielding a relaxation time t and a stretching factor b from
exp[(t/t)b] in Eq. 10. The parameters obtained from
kinetics experiments are summarized in Table 3. Represen-
tative T-jump relaxation traces are shown in Fig. 5 (all traces
in Fig. S5 and Fig. S6). As discussed in Methods, the dead
time is ~0.2 s.
For reference, in vitro measurements of the nuclear and
ER constructs compared to the untagged FRET-PGK*
show that relaxation kinetics is not significantly affected
by the addition of the peptide leader sequences. FRET-
PGK*-ER has an average folding time of 1.1 5 0.2 s as
compared to 1.4 5 0.2 s for PGK-FRET*. The nuclear-
tagged protein is slightly slower, with t ¼ 1.7 5 0.2 s.
In vivo, PGK-FRET*-NLS folds faster than the ER and
cytoplasmic constructs, which have similar folding times.
Thus the nucleus increases protein stability and speeds up
folding relaxation relative to the other cellular compart-
ments. Relative to aqueous solution, we previously showed
that the cytoplasm slows down folding by a factor of 2,FIGURE 3 Fluorescence images showing subcel-
lular localization of (A) FRET-PGK*, (B) FRET-
PGK*-NLS, and (C) FRET-PGK*-ER. AcGFP1
has a quantum yield of 0.8, whereas mCherry has
a quantum yield of 0.2, so the protein appears green
at elevated temperature.
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FIGURE 4 Representative experimental thermal melts (circles) of PGK
in vivo in the cytoplasm, ER, and nucleus. A representative in vitro trace
is shown for PGK-FRET-ER*. Fits to the cooperative model in the text
are shown as lines.
426 Dhar et al.mostly due to increased viscosity (8). In the ER, the factor is
z3, whereas in the nucleus, increased viscosity does not
manage to overcome the reduced activation barrier.Measure-
ment of kinetics at several temperatures near 39C shows that
the relaxation rate changes by<25% over the 0.5–2C range
by which the ER or nuclear Tm differs from the cytoplasm.
Thus, the relatively faster rate of nuclear folding is not simply
due to a temperature dependence of the rate.Folding is more homogeneous in the nucleus
than in the cytoplasm and ER
In vitro, only a small standard deviation of the relaxation
rate (50.2 s) and stability (50.4C) is observed, defining
our measurement uncertainty. The spread of nuclear kinetics
(Table 3) is not much larger. In contrast, the spread of t
among cells in the cytoplasm and ER is three times larger
than in the nucleus (Table 3), which therefore is kinetically
more homogeneous. The full set of folding traces for all
cells is shown in Fig. S5 and Fig. S6). Protein stability
also indicates that the most homogeneous environment is
in the nucleus (Table 2; and see the Supporting Material
for all thermodynamic traces recorded).FRET-PGK*-ER has a more two-state-like folding
mechanism in vivo than in vitro
When unlabeled (24,25) or FRET-labeled (Table 3) PGK
mutants are studied in vitro, they exhibit stretched kineticsTABLE 2 Thermodynamic fits
Construct
In vitro FRET
Tm
(C)
CT
(kJ/mol)
Mean
(C)
FRET-PGK* 37.95 0.4 1.8 5 0.6 39.95
FRET-PGK*-ER 38.75 0.4 1.0 5 0.4 41.25
FRET-PGK*-NLS 38.85 0.4 4.8 5 3.4 43.25
Spread is the root of the variance for each ensemble of cells studied. The error
Biophysical Journal 101(2) 421–430(b¼ 0.3–0.6) (24,25,32), indicative of a hierarchical succes-
sion (33) of intermediates after the first few microseconds of
folding. In the nucleus and cytoplasm, similar values of
b (0.5–0.6 in Table 3) are also obtained, so folding interme-
diates persist in these compartments.
The ER-localized protein yields a b close to 1 (Table 3),
consistent with a shift toward two-state kinetics in that
compartment. The Supporting Material shows individual
cell data and comparative fits with b ¼ 0.91 vs. b ¼ 0.56,
the average value in the ER versus all other environments.
For example, only one out of five cells yielded a b R
0.75 in the nucleus, whereas all five cells with ER-localized
folding reactions yielded b R 0.75, and four had b R 0.9.
The only caveat is that with a 0.2 s dead time and 15 s obser-
vation window, the dynamic range for distinguishing
stretched from single exponential is only 75:1.DISCUSSION
The three main in vivo results obtained here are:
1. All native PGK* constructs have higher FRET efficiency
in cellular compartments than in aqueous solution,
consistent with a new compact native state previously
proposed based on Ficoll crowding studies (22).
2. The nucleus allows PGK to fold faster and form a more
stable native state, with less variation from cell to cell
than observed in the cytoplasm and ER.
3. At least the ER is more conducive to two-state folding
than is aqueous solution. These observations have several
consequences and allow some interesting speculations.
For the native state of PGK*, we observe the same small
D/A in organelles as was previously observed in the macro-
molecular carbohydrate crowder Ficoll (22). D/A ranges
from 5.8 to 6.6 in the nucleus, ER, cytoplasm, and
300 mg/ml Ficoll, vs. ~11 in aqueous solution (22). This
suggests that inside living cells, PGK adopts a native state
similar to that observed in Ficoll. The unfolded state is
also affected in vivo, with D/A values up to only ~11
whereas in vitro, the D/A goes up to 15 (Fig. S2 b). This
result could be due to a conformationally restricted PGK*
unfolded state, or it could be due to conformational restric-
tion of the fluorescent labels, or both.
Previous in vitro work has shown that crowding induces
a structurally more compact native state of FRET-PGK*In vivo FRET
Tm
Tm spread (
C)
CT
(kJ/mol/K)
DH (at Tm)
(kJ/mol)
1.0 1.1 2.75 1.2 845
0.4 1.8 2.45 0.8 754
0.2 0.8 4.95 1.2 1550
s are52 SD of the mean.
TABLE 3 Kinetics fits
Construct
In vitro FRET In vivo FRET
t (s) b Mean t (s) t Spread (s) Mean b
FRET-PGK* 1.4 5 0.2 0.595 0.02 2.75 0.2 1.1 0.495 0.10
FRET-PGK*-ER 1.1 5 0.2 0.545 0.02 3.75 0.2 1.0 0.915 0.08
FRET-PGK*-NLS 1.7 5 0.2 0.575 0.02 1.75 0.2 0.3 0.605 0.08
Spread is the root of the variance for each ensemble of cells studied. The errors are52 SD of the mean.
Protein Folding in the Nucleus and ER 427than suggested by the crystal structure of PGK. The exper-
imental evidence is increased FRET efficiency (smaller
D/A) coupled with much higher enzymatic activity as Ficoll
is added to the aqueous solution (22). Two simulation results
supported this assignment. First, simulations proposed
a crowded structure in which the two parts of the active
site widely separated in the crystal structure are squeezed
together, explaining the higher enzymatic activity measured
in Ficoll (22). In addition, simulations show that the N- and
C-termini of PGK* are much closer together in the most
compact state than in the crystal structure (Fig. 4D in
Dhar et al. (22)); AcGFP1 and mCherry are bound to the
N- and C-termini of PGK* by very short linkers (two resi-FIGURE 5 Representative kinetic traces for PGK folding kinetics in the
nucleus, ER, and cytoplasm (A) in vivo (open circles) and (B) in vitro (solid
circles). The lines represent fits to the data using Eq. 10.dues), so one expects increased FRET efficiency (smaller
D/A) in the most compact state.
Although we have not shown that compact structure
in vivo also increases the catalytic rate in vivo, our result
coupled with the behavior of PGK in Ficoll supports other
interesting observations that the eukaryotic cell enhances
the efficiency of glycolytic pathway enzymes compared to
the test tube. For example, Verkman (34) showed that
PGK diffuses much more slowly in the cytoplasm than do
extraneous proteins of similar size such as GFP. Loose asso-
ciation to form clusters with other enzymes or organelles to
speed up substrate processing by reducing diffusion
distances is a possible explanation. Ova´di and Srere (35)
discuss many examples, including the glycolytic pathway,
where enzyme association accelerates substrate processing.
Giege´ et al. (36) show explicitly that glycolytic enzymes
associate with mitochondria in plant cells. Cells use associ-
ation of enzymes, and perhaps even structural modification
of enzyme native states, to enhance metabolic efficiency.
Turning to our second in vivo result, Fig. 6 summarizes
PGK stability and folding kinetics in the nucleus, ER,FIGURE 6 Plot of the melting temperature Tm versus relaxation time
t (at ~Tm) for FRET-labeled PGK in various cellular organelles and
in vitro. In vitro, different tagged PGKs have similar values of both Tm
and t. In vivo, the cytoplasm and the ER provide similar folding environ-
ments, whereas the nuclear environment stabilizes the protein and makes
it fold faster relative to the cytoplasm and ER. The individual data points
with 1 SD error bars are measurements of Tm and t carried out for the
same cell, while the dotted ellipses include additional cells for which
only Tm or t was measured. The widths of the ellipses are the spreads
(from Tables 2 and 3) for the whole ensemble of cells measured.
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428 Dhar et al.cytoplasm, and in vitro. The figure shows data for individual
cells when both kinetics and thermodynamics were probed
simultaneously, as well as ellipses indicating the spread of
melting temperatures and folding relaxation times for all
cells (including cells where either only thermodynamics or
only kinetics were measured, but not both). Collection of
similar data for very many cells, although impractical at
the current time, could also allow the determination of
correlation between Tm and t (leading to tilted ellipses).
The figure clearly shows that the various localization tags
cause only a small spread of stability and kinetics in vitro,
that the ER and cytoplasm result in very similar stability
and average relaxation times, and that the nucleus occupies
an entirely different region in the Tm-t space.
On average, FRET-PGK*-NLS is stabilized by 4.4C in
the nucleus over in vitro. Greater stabilization in the nucleo-
plasm relative to the cytoplasm (Fig. 4) is difficult to explain
solely by excluded volume crowding effects. Based on
diffusion measurements (20), crowding in the nucleus and
crowding in the cytoplasm are similar on the <100-nm
length scale relevant for protein folding. However, nuclear
crowding and compartmentalization are mainly caused by
histone-bound nucleic acids (21), a chemical environment
very different from the cytoplasm. Although the nucleus is
itself a complex compartmentalized environment (e.g.,
nucleoli), the chemical crowding environment provided by
histone-bound nucleic acids could at once be more powerful
and more uniform than the cytoplasmic environment.
Indeed, our observations (Table 3) show that folding stability
and kinetics of FRET-PGK*-NLS vary less from cell to cell
than they do for the corresponding ER or cytoplasmic
proteins.
Although the difference between nucleus and cytoplasm
may be difficult to explain by simple excluded volume
crowding models, the correlation between increased nuclear
stability and folding rate is entirely consistent with excluded
volume crowding models. According to these models, the
free energy of the unfolded state is raised by crowding
(which reduces conformational entropy of the unfolded
state), simultaneously lowering the activation barrier for
folding and stabilizing the native state (7). The same corre-
lation of faster folding near or below Tm and greater stability
of the folded state is what we observe for the nuclear-local-
ized protein. Our previous experiments on FRET-PGK*
revealed that the smaller cytoplasmic relaxation rate is
mainly due to a twofold increase of viscosity relative to
aqueous solution (8). In contrast, the nuclear folding relax-
ation rate remains the same as in aqueous solution. In the
nucleus there seems to be a compensatory effect: viscosity
slows down folding both in the nucleus and in the cyto-
plasm, whereas the chemical and crowding environment
speeds up folding more in the nucleus to make up for it.
The melting temperatures of all our mutants in the cell
tend to lie between the in vitro value detected by FRET
(average 38.5C), and the highest in vitro value detectedBiophysical Journal 101(2) 421–430by CD (44.5C; see Fig. S2 a). This observation could be
a coincidence, but it suggests an interesting possibility for
future investigation. FRET is sensitive to protein compact-
ness, whereas CD is more sensitive to secondary structure:
the upper limit on thermodynamic stabilization in cells
may be given by the maximum stability attained by the
secondary structure. It is well known that macromolecular
crowding has a lesser effect on helical secondary structure
(PGK has a mixed a/b structure) than on tertiary structure
(11,37). If enhanced tertiary stability is the main effect of
in-cell crowding, once a protein reaches the melting point
of its secondary structure, crowding may cease to increase
stability. Our results are consistent with this notion.
Finally we consider our third major observation, the
difference between ER and in vitro folding mechanisms.
All our kinetic data were fitted to the same stretched expo-
nential model from Eq. 10. The in vitro, cytoplasmic, and
nuclear proteins all fit to b-values averaging from 0.5 to
0.6 (Table 3), indicating hierarchical folding/unfolding
kinetics through a series of intermediate stages (33). Similar
stretched kinetics has also been observed for unlabeled PGK
in previous in vitro studies (24,25) up to minute timescales.
The ER resembles the cytoplasm in protein stability and
folding relaxation time (Fig. 6), but FRET-PGK*-ER is
unique in vivo in that several cells consistently yield b ¼
0.915 0.08, close to the value b ¼ 1 expected for a simple
two-state folder.
Although adding several single exponentials with positive
amplitudes can mimic a stretched exponential function, add-
ing several stretched exponentials with positive amplitudes
never approximates a single exponential function. (The
T-jump shifts the equilibrium of each protein in the same
direction, so the sign of all amplitudes must be the same.)
Thus one could easily explain how a two-state folder in vitro
would appear stretched in the cell because our experiment
averages over folding microenvironments with different
rates. One cannot explain how a multistate folder in vitro
would appear as a two-state folder in the heterogeneous
environment of the cell. The conclusion is that the ER
modulates the free energy of FRET-PGK*-ER folding inter-
mediates to make the process more two-state-like, thus
altering the folding mechanism. Similar tuning of the
protein free energy landscape by in vitro crowding of apofla-
vodoxin was recently reported (38). In light of the relatively
smooth energy landscapes for folding predicted by theory
and seen experimentally (i.e., low protein stability and fast
folding reactions), a modulation of the free energy land-
scape inside the cell is quite plausible.
Our results provide input for future simulations of
macromolecular crowding effects in cells. Past work has
frequently modeled crowders as spheres of uniform size
without chemical attributes. To quantitatively compare
simulations with experiment, the chemical environment
of crowders will have to be taken into account in addition
to their size and geometry. The differences in PGK folding
Protein Folding in the Nucleus and ER 429behavior across different cellular compartments will have
to include interactions with cellular structures such as the
ER membranes, or histones and negatively charged DNA.
For example, the ER may have an effect on folding inter-
mediates with exposed hydrophobic surface area when
they interact with the ER membrane. Work in this direction
has begun for bacterial cells (39,40), and coarse-grained
simulations of parts of eukaryotic cells should also become
feasible in the near future. Such models could capture the
underlying spatial and temporal heterogeneity inherent in
living cells and thus offer a systems-level view of how
protein folding is altered by cells, either randomly, or as
a result of evolution for post-post-translational control of
protein structure, function, stability, and folding by the cell.SUPPORTING MATERIAL
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